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Introduction
High-speed cutting and dry machining processes without the use of environmental harmful lubrication requires milling tools capable to withstand severe conditions of wear, friction, oxidation and corrosion [1, 2] . Solid lubricants coatings, such as WC/C, MoS 2 , diamond-like carbon (DLC), hex-BN as well as their combinations in nanocrystaline or multilayer structures, have been successfully applied in such parts in order to increase their lifetime and performance for various tribological applications. However, considerable degradation of the tribological effectiveness of these coatings at elevated temperature has been reported due to their low resistance to oxidation [3] [4] [5] . To overcome this shortcoming, a new concept of lubrication based on the formation of lubricious oxides has been proposed. This is the case of the so-called A c c e p t e d M a n u s c r i p t 3 planes [3, 6] . Among these elements, particular attention has been given to the vanadium-containing coatings (Magnéli phases V n O 3n-1 ), which showed interesting tribological properties in the temperature range 500-700 0 C [3, [7] [8] [9] [10] [11] [12] Among those ternary systems, most of the research works have been focused on TiSiN coatings deposited by CVD and/or PVD techniques [20, 21] . Depending on the deposition conditions, these coatings could be deposited with a nanocomposite structure, consisting of nano-sized TiN crystallites surrounded by an amorphous matrix of Si 3 N 4 displaying very high hardness values [22] , compared to any other ternary (TiX)N compound, with extremely good oxidation resistance [23, 24] . In other deposition conditions, substitutional solid solution of Si in TiN structure (not predicted by the Ti-Si-N phase diagram) could be achieved [22, 25, 26] . Relatively to the friction coefficient of Ti-Si-N coatings, the studies have reported values in the range [0. 6 -1.3] at room and high temperatures [27] [28] [29] . Since the addition of V successfully decreased cylindrical pieces of vanadium were used. In all the cases the total power applied to the targets was set to 1500 W. To serve as reference, a stoichiometric TiN coating was deposited from the Ti target. Hereinafter the coatings will be designated as Sx-y, where
x is related to the specific power applied to the TiSi 2 target (see Table 1 Table 1 .
The chemical composition of the coatings was evaluated by electron probe microanalysis (EPMA -Cameca SX 50). Crystallographic structure was investigated by X-ray diffraction (X' Pert Pro MPD diffractometer) using a grazing incidence angle of 1 0 and Cu K α1 radiation (λ = 1.54060 Å). The XRD spectra were fitted by using a pseudo-Voigt function to calculate either the full width at half maximum (FWHM) M a n u s c r i p t 6 and the peak position (2Ɵ). The fracture cross-section morphology and the thickness of the films were investigated by scanning electron microscopy (SEM). Further, profilometer was used to confirm coating thickness and to evaluate surface roughness.
The hardness and Young's modulus of films were measured in a nanoindentation equipment (Micro Materials NanoTest) using a Berkovich diamond pyramid indenter. In order to avoid the effect of the substrate, the applied load (10 mN) was selected to keep the indentation depth less than 10% of the coating´s thickness. 32 measurements were performed in each sample. The level of residual stresses was calculated through the Stoney equation [30] by measuring the bulk deflection of the film-substrate body.
The oxidation resistance of the coatings was evaluated by thermogravimetric analysis (TGA) using industrial air (99.99% purity). The films deposited on alumina The elemental chemical composition of the coatings determined by EPMA is shown in Table 2 . As could be expected, the simultaneous decrease in the power density of Ti target and increase in the power density of TiSi 2 target gave rise to higher Such behaviour could be explained by the low deposition temperature together with low substrate ion bombardment, which do not provide the necessary mobility of the species for the nanocomposite formation [22] . This observation is in agreement with the results from the literature, where similar solid solutions and changes in the film orientation have been observed with silicon incorporation [21, 25, 32] .
The coatings with V display similar XRD patterns and peaks to TiSiN. No significant changes in the peaks intensities or widths were observed, except for the highest Si content films where a small improvement in the crystallinity was detected.
All the vanadium containing films had the XRD peaks shifted to higher angles, behaviour, once again, related to a smaller unit cell due to the substitution of Ti by the smaller V atoms. Similar trend was observed by Pfeiler et al [2] for the TiAlVN system. Figure 2 displays typical surface and fracture cross section-micrographs of TiSiVN coatings. All coatings showed a typical columnar structure. As Si content was increased (see Figure 2 b) for coating S1-0), the columns size and the surface roughness were firstly reduced, for silicon contents of 3.8 and 6.7 at.%, and then increased for the highest silicon content, which is an opposite trend than that observed for the grain size. The addition of V did not change the global type of columnar morphology and the coating cross-section was similar. The only exception was the M a n u s c r i p t 9 strong increase of the size of the columns as well as the surface roughness (see Figure   2 c) for coating S1-12) for low silicon content coatings.
Hardness, Young's modulus and residual stresses
The dependence of the hardness and Young´s modulus on the Si and V content is shown in Figure 3 . As the silicon content in the TiSiN films increases, the hardness of coatings reached a maximum value of 27 GPa at a Si content of 6.7 at.%; then it dropped with further increasing Si content to a lower value than the reference TiN.
Although the grain grow is observed with increasing Si additions up to 6.7 at.% of Si, which is related to changes in the binding energy between ions due to Si incorporations. Similar hardness and Young's modulus evolution as a function of Si content has been reported in Refs [25, 33] .
Concerning the effect of V addition on the hardness and Young´s modulus, similar evolution was observed for all films (see e.g. Figure 3 b) for S1-y films).
Although the variations are very small and often within the error bars of the hardness 
Continuous and Isothermal oxidation in air
The effect of increasing Si and V content on the onset point of oxidation of the 
Surface morphology and characterization
Typical SEM surface micrographs of the S2-0 and V-rich coating (S2-8)
isothermally oxidized at different temperatures and times are shown in Figure 7 Table 3 . To a relative increase in this ratio corresponds the preferential formation of the oxide of that element. EDS analyses of points 1 and 2 reveal similar compositions for the grey light and dark zones, suggesting the presence of oxides containing Ti, Si and V. However, darker phase has clearly a higher V content (see Table 3 ). The Raman spectrum taken at grey dark phase (see Figure 11) shows the presence of intense peaks assigned to α-V 2 O 5 [3, 8, 10] and small peaks related to rutile (TiO 2 ). On light grey phase the spectrum is much less defined, with broader bands. α-V 2 O 5 peaks almost vanished whereas rutile bands are enhanced. Low crystallized Ti-O phases give very similar Raman spectra, which evolve, after annealing, either as anatase or rutile [41, 42] phases. In summary, the dark grey phase can be assigned mainly to α-V In any condition the protective Si-O layer could be also formed. Similar isothermal evolution was reported by Zhou et al. [36] , which during isothermal oxidation of multilayered TiAlN/VN coatings have detected α-V 2 O 5 at the initial stage of oxidation.
In their system, the mass gain curves also showed initially a linear evolution, followed 
Conclusion
This investigation concerned the influence of V additions on the structure, mechanical properties and oxidation resistance of Ti-Si-V-N coatings deposited by DC reactive magnetron sputtering. These coatings were compared to TiN and TiSiN films.
According to XRD analyses, all coatings showed an fcc NaCl-type structure assigned to A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t Table 2 -Chemical composition of the dissimilar coatings in at.%. 
